We present GPS observations in Morocco and adjacent areas of Spain from 15 continuous (CGPS) and 31 survey-mode (SGPS) sites extending from the stable part of the Nubian plate to central Spain. We determine a robust velocity field for the W Mediterranean that we use to constrain models for the Iberia-Nubia plate boundary. South of the High Atlas Mountain system, GPS motions are consistent with Nubia plate motions from prior geodetic studies. We constrain shortening in the Atlas system to <1.5 mm/yr, 95% confidence level. North of the Atlas Mountains, the GPS velocities indicate Nubia motion with respect to Eurasia, but also a component of motion normal to the direction of Nubia-Eurasia motion, consisting of southward translation of the Rif Mountains in N Morocco at rates exceeding 5 mm/yr. This southward motion appears to be directly related to Miocene opening of the Alboran Sea. The Betic Mountain system north of the Alboran Sea is characterized by WNW motion with respect to Eurasia at ∼1-2 mm/yr, paralleling Nubia-Eurasia relative motion. In addition, sites located in the Betics north of the southerly moving Rif Mountains also indicate a component of southerly motion with respect to Eurasia. We interpret this as indicating that deformation associated with Nubia-Eurasia plate motion extends into the southern Betics, but also that the Betic system may be affected by the same processes that are causing southward motion of the Rif Mountains south of the Alboran Sea. Kinematic modeling indicates that plate boundary geometries that include a boundary through the Straits of Gibraltar are most compatible with the component of motion in the direction of relative plate motion, but that two additional blocks (Alboran-Rif block, Betic Mountain block), independent of both Nubia and Eurasia are needed to account for the motions of the Rif and Betic Mountains normal to the direction of relative plate motion. We speculate that the southward motions of the Alboran-Rif and Betic blocks may be related to mantle flow, possibly induced by southward rollback of the subducted Nubian plate beneath the Alboran Sea and Rif Mountains.
Introduction
The tectonic evolution of the Western Mediterranean has been dominated by the long history of Nubia-Eurasia plate convergence associated with subduction of the Neotethys oceanic lithosphere (e.g., Dercourt et al., 1986) . The current-day tectonic structure of the zone of plate interaction is complex, involving back-thrust mountain ranges on the north (Betics) and south (Rif) sides of the collision zone and an intervening, deep basin (Alboran) reflecting active extension and subsidence (Fig. 1) . Such juxtaposition of compression and extension is observed along some subduction zones and appears to be associated with retreat (or rollback) of the subducting slab (e.g., Le Pichon and Angelier, 1979; Royden, 1993) . However, in the W Mediterranean the evidence for active subduction is equivocal (e.g., Seber et al., 1996; Gutscher et al., 2002; Faccenna et al., 2004) .
Geodetic observations have revealed a highly unexpected pattern of deformation within the W Mediterranean zone of plate (Klitgord and Schouten, 1986) , green (Bird, 2003) , and blue (Gutscher, 2004) . Crustal earthquake focal mechanisms are from Harvard catalog (magnitudes 5-6.5, 1976-2008) . Seismicity is from National Earthquake Information Center catalog crustal earthquakes with magnitudes from 3 to 6.5 (1976-2008) . MA: Middle Atlas; Alb: Alboran Sea. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) interaction, indicating southward motion of the Rif Mountains in N Morocco relative to the Nubian plate interior (Fadil et al., 2006) . These well-defined, anomalous motions appear to be incompatible with crustal interactions (i.e., extrusion tectonics) and, we suggest, more likely reflect active, sub-crustal processes, possibly associated with subduction and/or mantle delamination within the zone of convergence between Nubia and Iberia (Seber et al., 1996; Gutscher et al., 2002; Fadil et al., 2006) . In this paper, we incorporate new observations to update the GPS velocities in Morocco, and we combine these with GPS measurements from southern Spain, and Spanish enclaves in N Africa, to develop an internally consistent velocity field for the W Mediterranean region. We use this improved velocity field to constrain block models of the Nubia-Eurasia plate boundary deformation zone and we discuss the implications of these observations for the dynamics of Nubia-Eurasia plate interactions.
Tectonic setting and active deformation
In the Western Mediterranean, the Alboran domain is caught between North Africa and Iberia at the westernmost limit of the Alpine mountain belt (Fig. 1) . During the Cenozoic, the Alboran domain, along with the Atlas Mountains, grew thicker in this convergent setting (Chalouan and Michard, 2004; Platt and Vissers, 1989) . Later during the Miocene, the Alboran domain stretched and subsided below sea level, accumulating more than 7 km of sediment (Watts et al., 1993) .
Present-day tectonic processes occur within the context of ongoing, ∼NW-SE oblique convergence between Africa and Iberia around the Strait of Gibraltar (4.3 ± 0.5 mm/yr at an azimuth of 116 ± 6 • from GPS, Fig. 2a (McClusky et al., 2003) ). However, the location, or existence, of a discrete Africa-Eurasia plate boundary is equivocal (Fig. 1) . Geomorphologic studies of active faulting demonstrate recent tectonic activity in the Rif (Morel and Meghraoui, 1996) and the Atlas Mountains (Gomez et al., 1996 (Gomez et al., , 2000 Meghraoui et al., 1998) , and suggest that most of the presentday convergence is accommodated in the Rif-Betic-Alboran region.
Ideas to explain the striking N-S topographical symmetry of the Alboran Sea and surrounding mountain belts, as well as the apparently synchronous subsidence of the Alboran Sea and uplift of the Betic and Rif mountains during the Neogene and Quaternary are still widely debated. Current tectonic models for the Alboran domain include four broad categories of hypotheses: (1) back arc extension driven by the westward rollback of an eastward subducting slab of oceanic lithosphere (Royden, 1993; Lonergan and White, 1997; Gutscher et al., 2002) ; (2) break-off of a subducting lithospheric slab (Blanco and Spakman, 1993) ; (3) crustal extrusion due to forces transmitted across the Eurasia-Africa plate boundary (Rebai et al., 1992; Morel and Meghraoui, 1996) ; and (4) delamination and convective removal of the lithospheric mantle root beneath the collisional orogen (Platt and Vissers, 1989; Seber et al., 1996; Calvert et al., 2000a,b) . Testing these hypotheses with the present-day deformation field is a principal objective of this study.
GPS velocities and data processing
The GPS network used in this study includes 31 GPS survey points (SGPS) observed for different time intervals between 1999 and 2007, and 15 continuous GPS stations (CGPS, Fig. 2a ). We analyze the GPS data using the GAMIT/GLOBK software (Herring, 1999; King and Bock, 1999) in a two-step approach (McClusky et al., 2000) . The GPS solution is realized in the ITRF2005 global reference frame, and rotated into a Eurasia and Africa reference frame using 23 and 12 stations respectively. The mean values of the residuals for the eastern and the northern components of the 23 Eurasian sites and 12 African sites are −0.16 mm/yr, 0.15 mm/yr, −0.29 mm/yr and 0 mm/yr respectively, the standard deviation being 0.61 mm/yr, 0.71 mm/yr, 0.42 mm/yr and 0.45 mm/yr. Therefore no significant residuals remain in the reference frame computation, and as shown in Fig. 3 , most of the residuals are lower than 1 mm/yr. Site velocities in both the Eurasia and Africa reference frames are given in Table 1 . Fig. 2a shows GPS velocities in a Nubian-fixed reference frame, and Fig. 2b , the same solution relative to Eurasia. One-sigma uncertainties for survey sites are mostly <0.7 mm/yr, and <0.4 mm/yr for long-operating CGPS stations. GPS velocities at sites located south of the Rif Mountains and north of the High Atlas (SALA, KBGA, HEBR, DEBD, BMTR) are consistent with the motion of Nubia at the 1-sigma confidence interval ( Fig. 2a; Table 1 ), implying deformation rates of less than 0.7 mm/yr within the High Atlas Mountains. Uncertainties on these survey sites are too large to detect active shortening. However, the two CGPS sites south of the Rif Mountains and north of the Atlas system (RABT, IFRN) that have more tightly constrained velocities both show significant SSE velocities with respect to Nubia (1.0 ± 0.2 and 1.7 ± 0.3, respectively) that may be due to shortening across the Atlas Mountain system, with a substantial component of shortening in the Middle Atlas. These estimates are within the range of geological rates that constrain shortening to about 1-2 mm/yr across the entire Atlas Mountain system (Meghraoui et al., 1998; Gomez et al., 2000) . Southwest motion of the Rif is largest in the northern and central Rif (5.4 ± 1.5 mm/yr) where topography is the highest and decreases to the south, terminating near the northern boundary of the Atlas system. The western boundary of the southward moving Rif zone appears to be located near station TETN, and the eastern boundary near the Al Hoceima seismic zone. Motions in southern Spain north of the Alboran Sea are best illustrated by the Eurasia-fixed velocity map shown in Fig. 2b . Sites located near the Betic Mountains (ALME, GRAN, MALA, ALGE, SFEB) show well-defined westward motions with respect to Eurasia (∼2 mm/yr). Sites COBA and LAGO further north show similar, although slower westward motions (∼1 mm/yr). Motion of the Betics with respect to Eurasia has a similar orientation to Nubia-Eurasia motion, but with reduced rates, and those sites in the Betics located north of the southward moving central Rif zone (ALME, GRAN, MALA) also show a southerly component of motion relative to Eurasia. These motions imply transtension in the Betics that is consistent with WSW-ENE extension pointed out by Martínez-Martínez et al. (2006) on the base of earthquake focal mechanisms and active faults.
Kinematics of the Nubia-Iberia interplate deformation zone
To illustrate better deformation in the plate boundary zone and the relation to hypothesized plate boundaries, in Fig. 4 we plot the components of the GPS velocities normal and parallel to two profiles striking N20 • E, roughly perpendicular to the direction of Eurasia-Africa relative motion (∼N110 • E) (see profile locations on Fig. 2a ). For the western profile, the velocity component in the direction of Eurasia-Africa motion (i.e., normal to the strike of the profile) clearly shows the relative plate motion (Fig. 4a) , and no significant motion normal to the direction of relative plate motion (Fig. 4b) . We use an elastic block model (McCaffrey, 2002) , to investigate the consistency of the observed pattern of motion with the three hypothesized plate boundaries illustrated in Fig. 1 . The width of the deformation zone across block boundaries depends on the assumed fault-locking depth. We use a locking depth of 15 km for all faults, in agreement with the maximum depth of the seismicity Table 1 GPS velocities in an Africa-fixed and Eurasia-fixed reference frame (as determined in this study), 1-sigma uncertainties ( ), and correlation between the east and north components of velocity (RHO). Sites used to estimate Euler vectors are identified as (*) = Nubia, (+) = Eurasia. (Calvert et al., 1997; Stich et al., 2003) . Model results for the three plate boundary geometries are shown in Fig. 4a,b,d , and e. For the westernmost profile (Profile 1) the GPS results are inconsistent with the plate boundary located south of the Rif (Bird, 2003) or north of Gibraltar in the Betic Cordillera (Gutscher, 2004) . The best fit is for models where the boundary passes through the Gibraltar Strait (Klitgord and Schouten, 1986 ). The models predict no significant motion normal to the direction of relative plate motion (N20 • E), consistent with the GPS observations, indicating that the westernmost segment of the plate boundary is consistent with simple, elastic plate interactions. The second, more eastern profile crosses the central Rif, Alboran Sea and Betic Mountains (see location in Fig. 2a) . As for the western profile, Eurasia/Africa relative motion is apparent (Fig. 4d) , but the component of velocity normal to the direction of relative plate motion shows anomalous deformation in the Alboran/Rif, and to a lesser extent in the Betics (Fig. 4e) . None of the proposed plate boundary geometries can account for this motion. Expanding on the models of Fadil et al. (2006) , we investigate kinematic models including a central Alboran-Rif block and a Betic block (Fig. 5) . Most of the block boundaries are consistent with mapped fault zones, or seismic lineaments. The western and southern boundaries of the Alboran-Rif block are well constrained by the GPS velocities. However, no regional right lateral strike slip faults are reported where we locate the western Rif block boundary. We assign a 15 km locking depth to all block boundaries. Although block models are very useful to identify large quasi-rigid blocks or plates, they have inherent limitations for smaller blocks. Indeed, the width of the interseismic transient elastic strain on one side of a fault in the block model is approximately 3 locking depths (Savage and Burford, 1973) . Therefore if the width of a block is less than 6 locking depths, the entire block will deform elastically during the interseismic interval of the seismic cycle making it difficult to identify coherently moving areas (i.e., blocks). Furthermore, it is impossible to unambiguously separate transient elastic strain from permanent geologic deformation for small blocks. This is the case of all the blocks defined in this study. Therefore one should be careful with the fault slip rates given in Fig. 5 , they are upper bounds since • dip down to the N. Numbers show fault strike slip and fault normal slip rates in mm/yr (fault normal component in brackets; negative for left lateral and compression). Slip rates are averages along each segment. White modeled faults indicate segments with fault normal compression, and grey extension. Formal uncertainties on model slip rates are ∼1 mm/yr. Base map as in Fig. 1 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) they assume all observed strain is elastic, and depend on how the deformation is accommodated within the regions evidenced by our kinematic analysis.
The southern Alboran-Rif block boundary corresponds to mapped Quaternary thrust faults along the southern edge of the Rif (Moratti et al., 2003) . The northern and eastern boundaries of the Rif block are poorly constrained by the GPS results. We have chosen to locate the eastern boundary along the NS trend of the 1994 and 2004 Al Hoceima earthquakes, and the seismically active Alboran Ridge, consistent with most other interpretations (Fig. 1) . We also include a separate block representing the Betic Mountain system. The northern boundary of the Betic block corresponds to the Nubia-Iberia plate boundary of Gutscher (2004) , and the southern boundary to mapped normal faults on the north side of the Alboran Basin. Overall, the block boundaries we propose in Fig. 5 are a combination of previously proposed boundaries, finding support from, and capturing aspects of each of these prior interpretations. The predicted interseismic motion along the two profiles for this model is in good agreement with the observed GPS velocities (Fig. 4a,b,d , and e).
Geodynamic implications
Present-day motions indicated by GPS in northern Morocco and southern Iberia appear consistent, to first order, with geological indicators of active neotectonic deformation, indicating crustal shortening in the central Rif juxtaposed with extension of the Alboran Sea. Left lateral strike slip rates on NNE striking faults along the east side of the central Rif block in N Morocco derived from our model (∼5-6 mm/yr, Fig. 5 ) are roughly consistent with rates reported from studies of active faults in the Rif (Morel and Meghraoui, 1996) , as well as with the sense of motion indicated by the 1994 and 2004 Al Hoceima earthquakes (Calvert et al., 1997; Stich et al., 2003; Tahayt et al., 2008) . Furthermore, the N-S width of the deep Alboran Basin is roughly 120 km. Assuming that the GPS extension rate across the basin (roughly 4 mm/yr between stable Nubia and Eurasia, see Fig. 4d ) has been constant in time, the basin would be formed in about 30 Ma, in good agreement with geological estimates for the beginning of extension at 27 Ma (Platt and Whitehouse, 1999) . The southward motion of the Betic block decreases the extension rate confined to the Alboran Sea (from ∼4 mm/yr to ∼3 mm/yr, Fig. 4e ), possibly implying that extension has spread North into the Betics sometime after initial extension of the Alboran Basin. Martínez-Martínez et al. (2006) point out that the mode of present-day extension in the Betic system must have remained substantially the same over the last ∼15 Myr, supporting our contention that the GPS motions reflect those processes responsible for the geologic evolution of the W Mediterranean region.
The general agreement between GPS and geologic indicators of neotectonic deformation suggests that the GPS results depict those geodynamic processes responsible for the geologic evolution of the Betic-Alboran Sea-Rif Mountain system, providing quantitative constraints on models for the evolution of this segment of the Africa-Eurasia plate boundary. The occurrence of extension on fault segments within the zone of Nubia-Iberia plate convergence (i.e., northern Betics, some of the western and eastern boundaries of the Rif block, see Fig. 5 ) appears inconsistent with extrusion models that involve compressive forces transmitted across plate boundaries. Southward motion of the Betic Mountains also appears to be inconsistent with extrusion models since the zone of maximum compression within the collision zone would be expected to lie south of the Betic system. West-directed rollback of an east dipping subducted slab beneath Gibraltar also appears inconsistent with the SE motion of GPS sites in northwestern Morocco since this model predicts westward motion of the Gibraltar region relative to Africa (Gutscher, 2004) .
An alternate geodynamic model for the Western Mediterranean proposes that the subcontinental part of the lithosphere under the Alboran domain has been removed by active delamination (e.g., Seber et al., 1996; Calvert et al., 2000a,b) . As pointed out by Platt et al. (2003) , simple delamination would produce a radially symmetric pattern of surface deformation (i.e., northward transport of the Betic Mountains). The GPS data indicate that the Betics are, at least at the present time, moving with a southward component of motion relative to Africa (Fig. 2b) , inconsistent with radially symmetric deformation predicted by active, vertical delamination models.
The observed, southward-directed motion of the central Rif, roughly normal to the direction of Africa-Eurasia relative plate motion, and to some extent of the Betic system, supports the hypothesis that sub-crustal process are controlling the opening of the Alboran Sea and adjacent shortening in the Rif (Fadil et al., 2006) . Based principally on the GPS results, the asymmetric deformation around the Alboran Sea appears to be more indicative of a component of southward-directed slab rollback and associated N-S back arc opening than with simple symmetric delamination confined to the Alboran Sea region. The direction of rollback corresponds to the direction of motion of the inferred Alboran-Rif block (SSW relative to Nubia). Because the Rif-Alboran-Betic region is continental in character (Platt and Vissers, 1989) , the present-day slab is probably the mantle part of the continental lithosphere, which has become detached from the crust and is rolling back to the south, possibly due to the pull of the old slab (Faccenna et al., 2004) . These considerations support the hypothesis that neotectonic deformation in the Western Mediterranean, including juxtaposed extension of the Alboran Sea and uplift of the surrounding mountain ranges, results from dynamic processes in the upper mantle associated with continued convergence of the Nubian and Eurasian plates.
Conclusions
We present the GPS velocity field traversing the Nubia-Eurasia plate boundary in the westernmost Mediterranean and use it to estimate active deformation. We constrain crustal shortening in the High Atlas to ≤1 mm/yr, and across the entire Atlas system to ≤1.5 mm/yr (95%), and show that the principal deformation associated with Nubia-Eurasia interaction occurs in the Betic-Rif-Alboran domain. With 14 new sites (AION, ALGE, BOYA, CACE, MELI, GRSF, GRAN, MALA, TANT, CRDB, COBA, KTMA, CHEF, CSTL) compared to the earlier velocity field reported by Fadil et al. (2006) , we extend GPS coverage to the southern Iberia region, and show that significant displacements occur in the Betic Mountain system. We further demonstrate that, while simple elastic plate interactions can account for observed Nubia-Eurasia relative plate motion in the direction of relative plate motion, the observed component of motion normal to this direction requires more complex plate interactions. We argue on the basis of the observed GPS velocities and regional tectonics that neither extrusion tectonics nor simple vertical delamination can easily account for this deformation. We suggest that the kinematics of the region are most simply associate with slab rollback toward the SSW and back arc opening in the Alboran Basin, superimposed on Eurasia-Nubia differential motion. As the region is now an intra-continental domain, the present-day slab is probably part of the Moroccan lithospheric mantle that has been pulled down and is now delaminating, the zone of delamination being somewhere along the Moroccan Mediterranean shore. The slab must be narrow since the lateral extent of the southward motion is only 150-200 km, making it a challenge to image with seismological methods. These results emphasize the importance of mantle dynamics in driving lithospheric deformation.
